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ABSTRACT 
Purpose: To determine likely errors in estimating retinal shape using partial coherence 
interferometric instruments when no allowance is made for optical distortion.  
Method: Errors were estimated using Gullstrand’s No. 1 schematic eye and variants 
which included a 10 D axial myopic eye, an emmetropic eye with a gradient-index lens, 
and a 10.9 D accommodating eye with a gradient-index lens. Performance was simulated 
for two commercial instruments, the IOLMaster (Carl Zeiss Meditec) and the Lenstar LS 
900 (Haag-Streit AG). The incident beam was directed towards either the centre of 
curvature of the anterior cornea (corneal-direction method) or the centre of the entrance 
pupil (pupil-direction method). Simple trigonometry was used with the corneal intercept 
and the incident beam angle to estimate retinal contour. Conics were fitted to the 
estimated contours. 
Results: The pupil-direction method gave estimates of retinal contour that were much too 
flat. The cornea-direction method gave similar results for IOLMaster and Lenstar 
approaches. The steepness of the retinal contour was slightly overestimated, the exact 
effects varying with the refractive error, gradient index and accommodation. 
Conclusion: These theoretical results suggest that, for field angles ≤30º, partial coherence 
interferometric instruments are of use in estimating retinal shape by the corneal-direction 
method with the assumptions of a regular retinal shape and no optical distortion. It may 
be possible to improve on these estimates out to larger field angles by using optical 
modeling to correct for distortion. 
 
Key Words: axial length, gradient index, Haig-Streit Lenstar, partial coherence 
reflectometry, schematic eye, retinal contour, Zeiss IOLMaster 
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INTRODUCTION 
 Partial (low) coherence reflectometry is replacing ultrasonography for measuring 
axial length of the eye and internal ocular distances, largely because the method is non-
contact and of high reliability. Two commercial instruments have been developed for this 
purpose, the Zeiss IOLMaster (Carl Zeiss Meditec) and the Lenstar LS 900 (Haag-Streit 
AG). These are dual-beam interferometers, as opposed to single-beam interferometers 
such as the Zeiss OCT, and use the cornea instead of an external mirror as a reference 
reflector. The IOLMaster uses partial coherence reflectometry to determine total axial 
length only, but the newer Lenstar makes internal ocular measurements, including 
choroidal thickness. Both instruments are highly reliable (repeatable), have high 
resolution (of the order of hundredths of a millimeter), and give axial length results 
comparable with each other and other instruments1-11. The instruments determine optical 
pathlengths. Conversion to real lengths is done using assumed refractive indices within 
the media of the eye. The IOLMaster uses a single refractive “average” index of 1.3549, 
which is based on the group velocity in a model eye at 780 nm (group velocity is the rate 
at which the envelope of a waveform is propagating)12. While the Lenstar instrument has 
the potential to use separate refractive indices for the different ocular media, it is not 
clear that it does this. Similar to the IOLMaster, it appears to use an “average” refractive 
index to obtain at least the axial length13.  
Partial coherence reflectometry has been used to estimate increases in axial eye 
length of 1 m to 8 m per diopter of accommodation stimulus13-16. Drexler et al.14 found 
greater effects in emmetropes than in myopes, Mallen et al.16 found the opposite, and 
Read et al.13 did not find a significant difference between their emmetropic and myopic 
groups. Atchison & Smith’s theoretical investigation showed that systematic axial length 
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overestimations of about 20 m at 10 D accommodation response might be made with the 
IOLMaster because the use of the instrument in this way does not take into account the 
change in shape and refractive index distribution of the lens upon accommodation17. 
They suggested that much smaller errors would result with an instrument capable of 
assigning separate indices to the various media. There were mistakes in their study but 
these have minimal effects on their estimates (see Appendix). Their estimate of these 
errors was considered by Read et al.16 to lead to a “corrected” mean increase of 7 m in 
axial length with 6 diopters of accommodation stimulus when using the Lenstar 
instrument.  
 Partial coherence interferometry has also been used for the determination of 
retinal contour by directing beams into the eye at oblique orientations. Because the beams 
reflected from the cornea and retina must leave the eye co-axially, perpendicular 
incidence on the cornea is required. Following early work by Hitzenberger12, Schmid18,19 
estimated retina shape steepness with a custom-built system by determining differences 
in eye length along the visual axis and at 15° angles in the visual field. He found that 
myopic children had steeper retinas than emmetropic children. Gray et al.20 reported 
results with the IOLMaster instrument out to ±35° along the horizontal meridian, 
claiming the retinal shapes of hypermetropic and emmetropic subjects.were more 
spherical than those of myopic subjects. Mallen & Kashyap21 used the IOLMaster with 
an attachment to make analysis easier at different locations out to 40° along the 
horizontal and vertical meridians. The shape of the anterior cornea was determined by 
another method as a conicoid and used to determine corneal co-ordinates. The retinal 
contour was then estimated by simple trigonometry using the measured length, assumed 
to be in a straight line, the corneal co-ordinates and the angle of the beam. Results were 
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presented for two subjects. No measurements have been reported beyond 40°; it is likely 
tbeyond about this angle that measurement is not possible because the signal-to-noise 
ratio decreases, possibly because the corneal and retinal surfaces are oblique with respect 
to each other to such an extent that reflected beams can no longer be superimposed.  
Such determinations of retinal contour can only be expected to be accurate if the 
beam is relatively undeviated in its passage through the eye. Whereas this is nominally 
true in the case of an axial measurement, in which the beam strikes each surface at 
approximately normal incidence, this is unlikely to be true for off-axis cases, where 
angles of incidence and refraction are likely to deviate significantly from zero. Even in 
the case of nominally axial measurements, minor discrepancies could arise because of the 
lack of coincidence between the optical, pupillary and other axes.  
Because of the indirect nature of using off-axis axial length measurements to 
determine retinal contour, we are doubtful about the validity of the methods used to date 
to reconstruct the retinal shape. Accordingly, using model eyes, we have extended some 
previous theoretical work16 on possible axial errors to estimate errors involved in the use 
of off-axis measurements to estimate retinal shape.  
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METHODS 
Instruments 
 Simulations were done for both the IOLMaster and the Lenstar instruments. The 
IOLMaster approach used a single refractive index given by the ratio of total on-axis 
optical pathlength through an emmetropic, unaccommodated eye and the total on-axis 
length of this eye. Although it is not clear that the Lenstar uses separate refractive indices 
for each medium, we have adopted a Lenstar “approach” using a separate refractive index 
for each medium, with the refractive index through a shell or gradient-index lens being 
the ratio of total on-axis optical pathlength through the emmetropic, unaccommodated 
eye’s lens and the total on-axis length of the lens of this eye. Reflection was assumed to 
occur at a constant depth within the fundus, regardless of position. For simplicity, we 
made the initial assumption that both instruments are capable of locating all optical 
surfaces, irrespective of the angle of incidence at that a surface and its reflection 
characteristics. 
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Model Eyes 
 The basic eye model was the Gullstrand number 1 (exact) eye. For the simulations 
we used the indices in the model eyes as specified, and there was no evaluation of the 
appropriateness of the refractive indices used by the manufacturers with any instrument. 
The model eye has 6 spherical refracting surfaces, including a two-surface cornea and a 
lens consisting of a nucleus of refractive index 1.406 surrounded by a shell of refractive 
index 1.386,22. The average refractive index of the eye along the axis is 1.34619 and the 
average refractive index of the lens along the axis is 1.3994417. In a variation of this 
model, the eye was made 10D myopic, as referenced to the corneal plane, by increasing 
the vitreous length from 17.1854 mm to 21. 7952 mm. Increasing the vitreous length 
makes the average refractive index of the myopic eye lower than the average refractive 
index of the emmetropic eye: the use of the same average index for the myopic eye as for 
the emmetropic eye means that the axial length of the former will be underestimated by 
0.035 mm with the IOLMaster approach.. In another variation, the gradient-index form of 
the eye was used17,22 in both its unaccommodated and accommodated variants (10.9 D), 
the unaccommodated form being taken as the standard used in deriving the average 
refractive indices. The average refractive index of the total emmetropic eye along the axis 
is 1.34616 and the average refractive index of its lens along the axis is 1.39929. The use 
of these assumed refractive indices means that the estimate of the axial length will be in 
error for the accommodated eye by +0.025 mm (IOLmaster approach) and +0.006 mm 
(Lenstar approach). 
 Gullstrand did not specify a retinal surface, but we have used a spherical surface 
with a –12mm radius of curvature and have assumed that reflection occurs at this surface. 
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Beam direction 
 Two variants of incident beam direction were considered (Fig. 1). To match the 
way that the partial coherence interferometry technique has been used experimentally19-
21, in the “corneal-direction” method the beam at each selected angle to the axis was 
directed towards a point on the anterior surface of the cornea such that the beam was at 
normal incidence (Fig.1a). This means that the axial intersection of the extrapolated 
incident beam is the centre of the sagittal radius of curvature corresponding to the entry 
point on the anterior cornea. This is an important pivotal point in the measurements and 
is termed the reference point. This position does not move for the main model eyes which 
we used, because their anterior corneal surfaces are always spherical, but for a typically 
prolate anterior cornea, showing peripheral flattening, it moves away from the cornea as 
the off-axis angle increases.  
In the second variant, termed the “pupil-direction” method, the beam was directed 
towards the centre of the entrance pupil so that for a real raytrace it would pass through 
the stop centre (i.e. the actual pupil), taken to coincide with the anterior lens surface 
vertex (Fig.1b). Although this method cannot be used with instruments such as the 
IOLMaster and the Lenstar, possibly it could be used for other partial coherence 
interferometric instruments that use alternate different principles such as single-beam 
interferometry with scanning ranges deep enough for measuring eye length. Because of 
pupil aberration, an oblique beam directed towards the centre of the paraxial entrance 
pupil would not pass through the centre of the stop and so the entrance pupil was 
considered to move towards the cornea as the angle increased, so that the beam would 
pass through the stop centre. 
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Using the Zemax ray-tracing program (Zemax Development Corporation) thin 
beams were traced out to 50 incident angle in 5 steps. We took 50º as being the likely 
limit for practical measurements, although measurement at such large angles may not 
always be possible with current instruments. In general, small changes in beam direction 
occurred at each optical interface (see, e.g., Fig.1). The total optical pathlength, OPL, 
along each beam path between the anterior cornea and the retina was computed as the 
sum of the individual optical pathlengths through each of the media.  
 
Retinal contour calculations 
 The parameters for the determination of the retinal contour using the IOLMaster 
approach are shown in Fig. 2. This is shown for the corneal-direction method, with the 
incident beam normal to the corneal surface, but the equations (1) to (5) below are 
applicable for both beam direction methods. The distances z1, z2 and z3 are signed, 
with right pointing arrows for z1 and z2 indicating positive distances and the left 
pointing arrow for z3 indicating a negative distance. The beam enters the eye at angle , 
the corneal co-ordinates are (zc, yc), and zref is the distance from the corneal vertex to the 
reference point. The distance from the axial point, corresponding to the sag of the 
anterior cornea, to the reference centre, is  
z1 = zref – zc          (1) 
The distance of the assumed raypath before the reference point is 
l = √(z12 + yc2)          (2) 
The distance of the assumed raypath after the reference point is related to l, the total 
optical path length OPL, and the average refractive index nave by 
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l’ = OPL/nave – l         (3) 
The axial and height components of the retinal position corresponding to l’ are 
z2 = l’cos     yr = l’sin        
where yr is the determined retinal co-ordinate for height. The determined horizontal 
position of the retinal co-ordinate, relative to the on-axis retinal position (zr0, 0) is
z3 = – (zr0 – zref – z2)        (5) 
Here zr0 is given by pathlength OPL0/nave, where OPL0 is the on-axis optical pathlength.
 The procedure is similar for the Lenstar, except that separate optical pathlengths 
are assigned to the cornea, aqueous, lens, and vitreous. OPL/nave in equation (3) is 
replaced by OPLc/nc + OPLaq/nnqnaq+ OPLL/nLave + OPLv/nv, with nLave being the average 
refractive index along the axis of the lens. zr0 in equation (5) is now given by the sum of 
the on-axis pathlengths. 
 The estimated retinal co-ordinates were fitted to conics  
yr2 + (1 + Qr)zr2 – 2zrrr0 = 0        (6) 
where rr0 is vertex radius of curvature and Qr is asphericity.  
Some equations are now presented for obtaining the corneal co-ordinates (zc, yc) 
and distances zref and l for the corneal–direction method (Fig. 1a), when the incident 
angle of the beam and the shape of the cornea, taken to be a conicoid, are known. Similar 
to equation (6), the equation for the surface co-ordinates is  
yc2 + (1 + Qc)zc2 – 2zcrc0 = 0        (7) 
From equation (7), the slope of the surface at an off-axis point is given by  
dy/dz = [rc0 – zc(1 + Qc)]/√[2zcrc0 – zc2(1 + Qc)]     (8) 
The surface normal, and hence the tangent of the incident angle of the beam, is the 
negative inverse of the slope of the surface. Ignoring sign change 
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 = arctan{√[2zcrc0 – zc2(1 + Qc)]/[rc0 – zc(1 + Qc)]}     (9) 
Equation (9) can be manipulated to find zc as  
)]1(tan1)[1(
)1(tan1)1(tan1
2
22
cc
cc
cc QQ
QQ
rz 
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     (10) 
Using zc obtained from equation (10), equation (7) is manipulated to give the y surface 
coordinate 
yc = √[2zcrc0 - (1 + Qc)zc2]        (11) 
The distance of the normal from the surface point to the axis is the sagittal radius of 
curvature  
rs = √(r02 – Qcyc2)         (2a) 
and the distance rs is equivalent to the distance l given by equation (2).  
The distance zref is  
zref = rscos + zc         (12) 
In summary, for a given incident beam angle and conicoidal anterior corneal shape, 
equations (10), (11), (2a), (12) (1), (3), (4) and (5) are applied in this order to estimate 
retinal contours. 
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RESULTS 
 Fig. 3 shows results for the Gullstrand No. 1 emmetropic eye, in combination with 
the two instrument approaches and the two beam direction methods. In each case the 
range of entering beam angles is up to 50° from the axis. The origin is placed at the 
posterior pole of the retina. Since the assumed form of the reflecting retina is spherical, it 
has an asphericity Qr = 0. There are only minor differences between the results of the two 
instrument approaches. The pupil-direction method predicts retinal shapes that are much 
too flat (r0 ~ –14.3 mm). The corneal-direction method as used in the IOLMaster and 
Lenstar predicts retinal shapes and radii that are closer to the actual values. However the 
estimated retinal coordinates are too small. For example, at the 50° angle the actual 
coordinates are (–8.4 mm, +11.4 mm) and those for the IOLMaster approach are (–7.6 
mm, +10.9 mm) (see also Fig. 1). These differences are substantial when approximately 
1/3mm in vitreous path change corresponds to 1 D of refractive shift. In the central field 
(field angles of 30° or less), the height differences between the derived and actual retinal 
surfaces are generally small enough to be tolerable (<0.3 mm at all z-values).  
 A similar pattern occurs for all the model eyes studied. Note from Figs. 1 and 3 
that points on the derived retinal surface are not only displaced along the direction of the 
incident beam but also laterally, so that the projection of visual space onto the retina is in 
error, i.e. there is lateral distortion of the surface as well as the error in retinal shape. 
With the pupil-direction method the lateral magnification is too high, and with the 
corneal–direction method it is too low.  
 The results with the two instrument approaches are similar for all the variants of 
the Gullstrand model eye used in this study, with the Lenstar approach yielding only 
slightly smaller estimates of the retina’s vertex radius of curvature (by 0.04 to 0.10 mm) 
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and similar asphericities (within 0.02) in comparison to the IOLMaster approach. Hence, 
the rest of the results are shown only for the IOLMaster approach. 
The poor estimates of retinal shape with the pupil-direction method for the 
Gullstrand No. 1 occur also for its variants, and thus further results are shown only for 
the corneal-direction method as is used with the IOLMaster and Lenstar.  
Fig. 4 shows results for the IOLMaster approach and the corneal-direction method 
for the Gullstrand No. 1 eye that has been increased in vitreous length to have 10 D 
myopia. Results are similar to the emmetropic eye in Fig. 3, except that the shapes are 
slightly steeper.  
 Fig. 5 shows the results for the IOLMaster approach and the corneal-direction 
method when applied to the Gullstrand gradient-index model in both its unaccommodated 
and accommodated forms. Because of vignetting by the lens, determination was only 
possible for the accommodated eye out to 45°. The fits for the unaccommodated and 
accommodated eyes are similar to that of the standard Gullstrand No. 1 eye (Fig. 3). 
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DISCUSSION 
 Retinal shape can be determined by magnetic resonance imaging23-24 but this is 
expensive, takes considerable time and does not have high resolution. This theoretical 
investigation indicates that, in spite of some distortions, reasonable estimates of retinal 
shape up to field angles of around 30° should be possible with partial interferometric 
instruments if the incident beam is directed towards the centre of curvature of the anterior 
cornea (corneal-direction method), the relevant method with the IOLMaster and Lenstar 
instruments. However, markedly inaccurate results with overestimation of retinal radius 
of curvature should result if the incident beam is directed towards the pupil centre (pupil-
direction method). The superiority of the corneal-direction method over the pupil-
direction method undoubtedly arises because the assumed straight-line ray path of the 
former is closer to the actual ray path than is the assumed ray path of the latter, since it is 
directed to pass close to the nodal points. In our modeling, the centre of curvature of the 
cornea was 7.7 mm inside the eye, which is close to the positions of the nodal points of 
the Gullstrand No. 1 eye (7.08 mm and 7.33mm inside the eye). 
If raytracing towards the first nodal point was technically feasible and if this point 
was known for a particular eye, we would not expect to determine retinal contour 
perfectly because the nodal points are paraxial concepts and are separated within the eye 
by about 0.3 mm. However, replacing the corneal-direction method by a nodal-direction 
method should give more accurate retinal contours.  For example, doing so in Fig. 3 
would give contour estimates that are nearly unresolvable from the contours of the actual 
eye (reference curve) on the scale of the figure.  
It might be expected that the Lenstar “approach” of using separate refractive 
indices in different media should produce more accurate theoretical results than for the 
 15 
IOLMaster’s approach of using an average refractive index for the whole eye. However, 
this does not occur, most likely due mainly to the dominance of the distortions produced 
by the ray path not being a straight line within the eye, and partly to the small proportion 
of the lens thickness to that of the eye (approximately 15%). 
 Clearly, we could use our eye models, ray tracing and an experimental 
measurement of the total pathlength to refine the estimate the position of the retina as a 
function of the angle of the incident beam, so creating a nominally correct estimate of the 
retinal shape. This is the approach used by some researchers to obtain 2-D and 3-D 
images of the anterior segment25-27. However, we stress that the exact results that we 
obtain are dependent on the eye models used. In practice surfaces may be aspheric and 
our assumed gradient index distributions may be incorrect: these and other optical details 
will vary with the individual eye being measured.  
If, for example our gradient index model eye was given an aspheric anterior 
cornea, but all other details were kept constant, a cornea with an asphericity of +0.3 
(oblate shape) would result in an accurate result of the deduced form of the retina, but a 
cornea with an asphericity of -0.3 (prolate) would result in an apparently steeper retina, 
beyond about 40. These effects are shown in Fig. 6, and indicate that the effects of 
corneal asphericity on distortion errors may be substantial at larger angles. As was the 
case for the greater accuracy of the corneal-direction method over the pupil-direction 
method, the better results for the oblate cornea than for the prolate cornea are probably 
because the assumed straight-line ray path with the former is closer to the actual ray path 
than the assumed ray path with the latter. 
In general, we will lack knowledge of the optical details of any individual eye and 
consequently be unable to accurately correct for optical distortion. Inter-subject 
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comparison of retinal shape as deduced by partial coherence tomography may therefore 
be of limited use, even when the raw measurements of pathlengths are corrected for 
optical distortion using a general eye model. Fuller information about the individual eye, 
derived e.g. from Scheimpflug photography, would improve this situation and allow more 
accurate correction for optical distortion of deduced retinal shape by the anterior optics. 
 In spite of the weaknesses discussed here, for retinal shapes that are regular and 
for field angles up to about 30, partial coherence reflectometry instruments should be of 
use in describing qualitative differences in central retinal shapes between different 
refractive error groups and changes in the retinal shape of individuals as they develop 
myopia. However, it is obvious that estimates which are uncorrected for optical distortion 
must always be interpreted with caution. Possible small changes in retinal shape with 
accommodation may be too subtle to detect, particularly when the resolution and 
variability of measurements are also taken into account. Although the corneal-direction 
method gave reasonable estimates of retinal shape as conic fits in this study, estimated 
retinal coordinates did not usually match the actual coordinates well (Fig. 1, Figs. 3-6). 
While this is not probably a problem for regular retinal shapes, this will most likely mean 
that irregular shaped retinas would not be fitted well.  
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APPENDIX - Mistakes in previous work 
 Mistakes were made in the first author’s previous theoretical investigation about 
how measured axial length changes during accommodation might be in error17.  
 Firstly, there were errors in the Gullstrand gradient index unaccommodated eye in 
Table 1. The average refractive index of the eye should be 1.34616 instead of 1.34701, 
the optical path length of the  
gradient index in the lens should be 5.03740 mm (5.05798 mm), and the total optical path 
length should be 32.82674 mm (32.84728 mm). As a consequence, the average refractive 
index for the lens given on page 285 should be 1.39929 (1.404500).  
 Secondly, equation (8) for the accommodated lens should be  
N(Z) = 1.406 – 0.00125155(Z – Zo)2 – 0.0009371125(Z – Zo)4 – [0.00117215 + 
0.000527125(Z – Zo)2]Y2 – 0.000034995683Y4  
rather than   
N(Z) = 1.406 – 0.001251555(Z – Zo)2 + 0.0009371125(Z – Zo)4 – [0.00117215 + 
0.0000527125(Z – Zo)2]Y2 – 0.000034995683Y4  
This mistake affects equations (9) and (10). The optical path length in the lens should be 
5.60533 mm instead of 5.62715 mm and the total optical pathlength should be 32.86022 
mm (32.88204 mm).  
 The consequence of these two sets of errors is that the change in mean refractive 
index on page 285 is +0.15% instead of +0.13%, the error in equation (4) for the total 
optical path length should be 0.02494 m or 25 m (rather than 0.02573mm or 26 m), 
and the error in equation (12) for the optical path length should +5.8 m (not +5.1 m). 
Fortuitously, the two sets of mistakes largely cancel. 
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FIGURE CAPTIONS 
Fig. 1. The two beam direction methods (a) “corneal-direction” and (b) “pupil-direction” 
as applied for a 50° angle with the Gullstrand No. 1 eye. The actual (solid line) and 
estimated (dashed line) retinal intercepts are shown for the IOLMaster approach. Note the 
changes in beam direction that occur at optical surfaces. 
Fig. 2. Parameters for the determination of retinal contour with the IOLMaster approach 
and the corneal-direction method. 
Fig. 3. Actual (reference) and estimated retinal contours of the Gullstrand No. 1 
emmetropic eye. Results are shown for the two instrument approaches and both beam 
direction methods for incident beams making angles up to 50° from the axis. The straight 
line segments join the contours for angles of 30°, 40° and 50°. Vertex radii of curvature 
and the asphericities of the fitted retinal conics are given in the legends. Note that at 50° 
beam angle the estimated retinal positions show both transverse and longitudinal errors. 
Similar but smaller effects occur for smaller beam angles. 
Fig. 4. Actual and estimated retinal contours of the Gullstrand No. 1, 10 D myopic eye. 
Results are shown for the IOLMaster approach and the corneal-direction method. Other 
details are as for Fig. 3. 
Fig. 5. Actual and estimated retinal contours of the Gullstrand No. 1 gradient index eye in 
unaccommodated and accommodated forms. Results are shown for the IOLMaster 
approach and the corneal-direction method. It was not possible to raytrace to 50 for the 
accommodated eye, and retinal contours for it are only shown to 45 (for which the actual 
retinal position is -6.9 mm, 10.8 mm). Other details are as for Fig. 3. 
Fig. 6. Actual and estimated retinal contours of the Gullstrand No. 1 gradient index eye in 
unaccommodated form, but with corneal asphericities +0.3 and -0.3. Results are shown 
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for the IOLMaster approach and the corneal-direction method. Other details are as for 
Fig. 3. 
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Fig. 4. 
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